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ABSTRACT 

Efforts to miniaturize the reactance circuits of 
vacuum-tube technology by using junction transistors have 
been only partially successful. Large Souiwnlent induc- 
tances and capacitances are obtainable, but the effective Q 
is limited to low values by the low input impedance of 
these devices. Unipolar field-effect transistors offering 
high gain and high input impedance are investigated for 
this application. Analytical models, based on the equival- 
ent circuit of the FET, are developed for reactance cir- 
cuits employing R-C feedback networks. A simple capacitive 
reactance circuit, utilizing a first-order feedback net- 
work and operating at a frequency of 250 Khz, yielded a low- 
Q effective capacitance but served to verify the model em- 
ployed. Computer-aided design of a reactance circuit em- 
ploying a second-order feedback network resulted in a sta- 
ble effective capacitance offering Q multiplication. Sen- 
Sitivity of the feedback voltage to component tolerances 
precludes packaging this circuit in integrated form, but 


the feasibility of designing an FET reactance circuit to 


meet rather precise specifications is demonstrated. 
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I. INTRODUCTION 

Electronic circuits that draw a leading or a lagging 
current, known as "Reactance Circuits", are well known in 
vacuum-tube technology. They are employed for frequency 
modulation, automatic frequency control, frequency-shift 
keying, and as variable elements in adjustable filters.7 
The reactance presented to a dynamic circuit may be regard- 
ed as an equivalent inductance or capacitance, the value of 
which depends not only on the circuit parameters but also 
upon the gain of the tube employed. If the gain, or more 
specifically the transconductance Sia! of the tube is con- 
trolled by a voltage, the circuit then exhibits a voltage- 
variable reactance, 


Efforts to develop similar reactance circuits using 


junction transistors have met with only partial success. 





They have been employed for automatic frequency control? and 
frequency modulation* of oscillators at audio and slightly 
higher frequencies. Work performed by Schulz and reported 
by pill? shows that the effective Q of the "Reactance Trans- 
istor" is always low because of the low input impedance of 
the junction transistor, thus limiting it to applications 
where considerable loss can be tolerated. 

It has been suggested by Newe11° that the development 
of fiela-effect transistors with high gain and high input 
impedance, might make the reactance transistor feasible. 


Although such devices have been available for several years, 


it appears that virtually no work has been done towards im- 





plementing them in reactance circuits. It seems important 
in view of the development of integrated circuitry, that a 
careful analysis of such circuits be undertaken. Their : 
eventual if not indeed immediate use in packaged devices 
warrants such an investigation. 
This paper is a report of the theoretical and experi- 


mental investigation of certain transistor reactance cir- 


cuits employing field-effect transistors. 








II. REACTANCE CIRCUITS 
A. Concept 

A reactance circuit is dynamic in the sense that 
it employs feedback of such a nature as to cause it to draw 
a leading or a lagging, out-of-phase current when an a.c. 
voltage is applied. In Figure 1, the applied voltage v is 
shifted in phase and reduced in magnitude by the feedback 
network 8B, and applied to the input of the amplifier. The 
amplifier is characterized by a complex gain, A, so that 


the current i is out of phase with the applied voltage. If 





Figure 1. Reactance circuit. 


by proper arrangement of the loop gain Af, the current i 
lags the applied voltage, the circuit represents an effect- 
ive inductance, while if the current leads, it represents 
an effective capacitance. The magnitude of the equivalent 
inductance or capacitance may be controlled by varying the 
magnitude of the amplifier gain. 

Associated with the out-of-phase, reactive @ompanent 


of current, there is of course an in-phase, resistive com- 


ponent. The relative magnitudes of these two current com- 





ponents determine what is generally known as the quality 
factor Q of the inductance, or the dissipation factor D of 
the capacitance. These two quantities are related by defi- 
nition, and for simplicity in this paper, Q will be associ- 
ated with both the inductive and the capacitive circuits, 
where for the capacitive circuits, Q is the reciprocal of D. 
An ideal reactance would draw no in-phase component of cur- 
rent and it is theoretically possible to so adjust the loop 
gain of this reactance circuit that the in-phase component 
of the total current is either positive, zero or negative. 
In the experimental results reported in this paper, these 
conditions will be noted. 

The equivalent output admittance of the circuit, Yor 
is given by (1), where XS is the output admittance of the 
amplifier. If the equivalent conductance G, is zero, then 
Yo is a pure susceptance and an ideal reactance has been 


Yo : 
Y= ie a * © + 12, (1) 


o Ive Be 


achieved. If G, is greater than zero, the Q is given by 
the ratio of By to Gye bwUtk Lt Gy is less than zero the cir- 
cuit becomes unstable and oscillations will result. MThere- 
fore, if high-Q,. stable reactances are to be realized, 


tight phase tolerances are required for the loop gain AB . 


B. FET Characteristics’ 


An accurate analysis of the equivalent admittance of- 7 


fered by a reactance circuit must include knowledge of the 





output admittance of the amplifier, which in turn requires 
that a correct model be chosen for the device employed. 
The unipolar field-effect transistors used in these circuits 


can be represented by the model shown in Figure 2. 


Joe 





gsc 
Figure 2. FET equivalent lumped-element model. 

FET channel current actually flows in a non-linear dis- 
tributed R-C transmission line, but for low frequency work 
it is sufficient to treat the device as if it were a lumped, 
non-linear electrical network. Capacitances Cog and Cog 
and conductances Sng and Gog are a lumped-element represen- 
tation of the reverse-biased gate-to-channel diode. Ina 
well designed FET, Sng and Sog will be quite small and can 
be considered open circuits. Values Cop and lop are the 
bulk resistances of the semiconductor path from the channel 
edges to the drain and source contacts respectively. These 
will be in order of 100 ohms or less, depending somewhat on 


the geometry and manufacturing process. At low frequencies, 


the effect of CDR is quite negligible and it can be consid- 


ered as only a very small part of any practical load resist- 








ance. The value of Top has a slight effect on the apparent 


4 
transconductance of the device; the voltage v 


gs in Figure 2 


is related to the terminal voltage Yaga by : 
eS i : 
You ~ Tie In SB (2) 
The value Sys is the slope of the output characteristics in 
the inch-off region and is usually less than 50 micro-mhos; 
however rather broad variations in similar devices are 
often observed. 

These quantities are all bias dependent. The vata 
tion of Tn is desirable and necessary if the gain of the 
device is to be voltage-variable. The dependance of Ing On 
bias is predicted from the characteristic curves and does 
not complicate the design provided that the proper operat- 
ing range is selected. The variations of the diode capaci- 
tances, Chg and Cog: with bias are somewhat complex and may 
prove troublesome in circuits where these capacitances are 
Significant. 

At frequencies of interest in this report, conductances 
Sng and Soc and resistances Cop and Top Can be ignored. 

Also the value of the transconductance that will be avail- 
able is the apparent Tn 28 determined experimentally, thus 


eliminating the requirement for equation (2). The simpli- 


fied FET model to be used for analysis is shown in Figure 3. 
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Figure 3. Simplified FET model. 


It is common practice among manufacturers to specify 
the FET by its equivalent short-circuit admittance parame- 
ters, referred to the common-source connection. The para- 


metric equations of this network are: 


tg ~ Yis’gs z Yrs‘ds (3) 


(4) 


ae Yes gs . YosYds 


Applying these equations to the physical equivalent 


circuit of Figure 3, the y parameters obtained are: 


Yis = JXCpg + Cg) (5) 
Yrs ~ “IWC (6) 
Yes ~ Fin ~ IWC ng (7) 
Yos ~ Spgt JMCHg 


Since Ven and y are almost pure capacitances, specifica- 


rs 


tion sheets often list equivalent values of C, and C 
iss rss 
respectively. 
Although an analysis can be carried out using the y 


parameters, it was preferred in this report to reconstruct 
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the equivalent lumped-element model and work directly with 


Les 


C. Simple FET Reactance Circuits 


1. General. The similarity between the characteris- ~ 
tics of a field-effect transistor and those of a pentode 
vacuum tube, suggests that known reactance-tube circuits 
might be adapted to employ FETs. The simplest such react- 
ance circuits consist of a single amplifier with a first- 
order R-C or R-L phase-shift network as a feedback path. 

A representative circuit which provides an inductive react- 
ance is shown in Figure 4(a). Coe C3. Rg and the choke 
serve to properly bias the FET, and it is assumed, at least 
for now, that values can be chosen for these elements such 
that they have negligible effect on the circuit at the fre- 
quencies of interest. The dynamic equivalent of this cir- 
cuit is shown in Figure 4(b). A capacitive reactance can 
be obtained by simply interchanging Rj) and Cy in this cir- 
2G, 

Resistor and inductor combinations can also be used to 
provide the appropriate feedback for obtaining equivalent 
inductive or capacitive reactances; however, they are not 
widely used in reactance circuits and will not be consider- 
ed in this report for ,two reasons. First, inductors with 
their associated distributed capacitance are susceptible to 
spurious responses and coupling effects which are to be 


avoided. Secondly, high-Q inductors are not consistent in 


12 





size with other integrated components, and to use them 
would rule out any possibility of producing a reactance 


circuit which could be packaged in integrated form. 








Figure 4. (a) Inductive reactance circuit 
employing,an FET. (b) Dynamic equivalent 
circuit. 


i3 





2. Approximate Analysis. For most field-effect 


transistors, C and C are small, with values of only a 


DG SG 
few pico-farads. As a first approach to the analysis of 
the circuit of Figure 4(b), assume Ry is chosen so that at 


the frequency of interest, 





(9) 


Then neglecting C and letting 


DG 


+C (10) 


the equivalent circuit is simplified still further as shown 
in Figure 5. 
When a voltage v is applied between drain and source, 


the current i that flows is given by 


i= Tn’ gs + i) + Gnov (11) 


where 1, is the current drawn by the feedback network. 


SpsV is a purely in-phase component of current and its only 


effect is to lower the effective Q. ij serves mainly to 
establish the gate voltage Veg? and since it has a resistive 
component of current, it should be kept as small as possible. 


The current On as must be the dominant portion of the total 


current i. Since Tn ge is to be inductive, and it has the 


same phase as Ygs’ then Vgs should lag v by approximately 


90 degrees. 


14 








Figure 5. Approximate equivalent for the 
circuit of Figure 4(a). 


These conditions can be realized if Ry and Cy are 
chosen so that 
1 
“4h _ wc (12) 


Then iy will be almost resistive, leading v by only a small 


phase angle. gs is the voltage across C produced by iy, 
and will lag v by almost 90 degrees. These relationships 
are shown in the phasor diagram of Figure 6. The lengths 


and angles of the various vectors have been exaggerated for 


the sake of clarity. 


Analytically, 
, = Vv 

i, = * a (13) 

17 J we 

- V 
=a —— 

Vv. = ee (14) 

gs R == jt 

1 wc 
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f/f _ _ M 


Figure 6. Phasor diagram showing voltage and 
current relationships in the simple 
inductive circuit of Figure 5, 
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Substituting these relationships into (11) yields 


« 1 _ 5) Sim 
il=v ea +g (15) 
i WC 


. Im 
tJ we 
Yo = Ing + . as (16) 
17 Joe 


When Yo is separated into its real and imaginary parts, 
expressions for the equivalent conductance and susceptance 


are as follows: 








g 
m™m 
ALT ee? 
o. 6 bs TS 1 (17) 
R +32 
w“c 
= GR 
By = oy (18) 
we(R, + 9) 
i . we 


Applying the assumption of (12) to these expressions 


produces 


G=g +—— (1 + ) (19) 
re) DS Ri we?R, 

il 1 
& =, i == @,) (20) 
oO wecR, Ry m 


Based on representative values of several milli-ohms 


t EOL Ta it is possible to have 


= (21) 
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and still meet the other conditions on R} posed by (9) and 
(12). Therefore, the susceptance can be approximated by 


m 


o ~~ wer; | (22) 


B 





Then, the approximate effective inductance and Q for the 


reactance circuit are 





CR 
She dk 
Vert ~ OB. ~G (23) 
[e) mM 
Core - = = "oer (24) 
re) we (1 + SagR, + So) 
wcR 


al 
The accuracy of these approximate values depends, of 
course, on the validity of the assumptions (9), (12) and 
(21). a and Chg will be fixed values for the device em- ’ 
ployed, while the product CR) is determined by the value 
of Lore desired. At low frequencies it is probable that 
values of Rj and Cy can be chosen such that these approxi- 
mated solutions are valid, and still obtain moderate values 
of effective inductance. At higher frequencies, R) and Cy 
could be selected to satisfy (9) and (12), but the value of 
Ry would be small and (21) would no longer be valid. Even 
though these solutions are not accurate at higher frequen- 
cies, they will still provide time-saving estimates for 
initial consideration in the design. 
As mentioned previously, the circuit of Figure 4(a) 


can be changed into a capacitive reactance circuit by ¥ 


reversing the positions of Ry and Cj- The resulting equiv- 
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alent circuit is shown in Figure 7. 





Figure 7. Dynamic equivalent for a simple 
capacitive reactance circuit. 


An approximate analysis of this circuit can be carried 
out in the same manner as that used for the inductive cir- 


cuit. Letting 
c=C, + Cy, (25) 


and assuming 





R < (26) 
ils Wlog 


Cog can be neglected and the simplified equivalent circuit 
will be that shown in Figure 8(a). If Ry and C, are chosen 


1 
so that 


R, << as (27) 


then the voltage and current relationships in the circuit 
can be represented by the phasor diagram of Figure 8(b). 
With the assumptions (26) and (27) taken into account, 


the approximate equivalent conductance and susceptance of 
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the circuit are 


2 


2 
G +a"C R, (9,,R, +1) (28) 


o ~ Ips 


B, © we(g Ry +1) (29) 


From these expressions, the effective capacitance and qual- 


ity factor are found to be 


Core © 9,CRy + ¢ (30) 
we (g,,R, +1) 
Qace * 22 (31) 
Shs wc R, (9,2) +1) 


Again, these approximate solutions will give accurate 
estimates only when all of the assumptions are valid. With 
this capacitive reactance circuit however, it is possible 
to choose Ry and Cc, so that these approximate solutions 
hold at much higher frequencies than they did for the in- 
ductive circuit considered previously. Cog and Cog will 


have approximately the same values, so if Ci is sufficiently 


greater than Cc and Ri is chosen to satisfy (27), then 


DG’ 
(26) will also be satisfied. Quite large values of Core can 


be achieved by making C, large, but Ri must become smaller 


iL 
if (27) is to hold, and the voltage-variable range of the 


effective capacitance is reduced. 
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(b) 


Figure 8. (a) Approximate form of the equivalent 
circuit shown in Figure 7. (b) Phasor 
diagram of voltage and current rela- 

tionships in this circuit. 
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3. Exact Analysis. At frequencies of interest in 
this report, the assumptions made in the preceeding Section 
are not generally valid and exact solutions of the circuit 
models are required. 

| When the inductive circuit of Figure 4(b) is solved 
| 


without simplification, the output admittance becomes 


SS (32) 


7, = aaa Ca (33) 





1 | 
gs Oe, = Ce. (34) as 


Substituting (33) and (34) into (32), and separating the 


resulting expression into real and imaginary parts, yields 


2 2 2 
g,,(14R,“w CHC) + Rw (C1 +Co,) 

So = Ing + i ae (35) 

— 4 
1 Ry de! Cor 
w(C,+C,.) (l-g_R,+R 2c c_) 

— 1 se Im 171 DG’T (36) 
o- 22 2 
1+ Rw Ch 

where 
Cn = Cy + Cog + Coe (37) 


The effective inductance and quality factor are then given 
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14R.* w*e? 
Lart = 2 : - a} (38) 
w (Ci +Coq) (1-g R +R] w CHC) 
w(c.+C..) (l-g_R +R- wc Gan) 
= ~ i” -scG Sin 71 DG-T 
-. 2 2 

— Ing (1tR,? wc," ) + g_(14R,t0 Cie) RW (C1 +54) * 
(39) 


It can be verified that these expressions reduce to 
(23) and (24) respectively, when the appropriate assump- 
tions are applied. 

Although the junction capacitances will alter both the 
magnitude and Q of the equivalent inductance, only their ef- 


fect on Q will be considered significant. With R. shunted 


af 


by c the capacitive component of the feedback current i 


DG’ 
is increased. Since ‘ge still leads iy by 90 degrees, the 


1 


total current i will lag v by a smaller phase angle than 


before, thus reducing Qaree Cog must simply be combined 


with C, to obtain the total capacitance for that leg of the 


. 
feedback network. To avoid unnecessary losses, it is still 


desirable to choose R. much greater than the reactance of C 


i. 


Turning now to the capacitive circuit of Figure 7, Yo 


1 


can again be expressed by (32), where 


Z (40) 


a8 Ss 
~~ 2 w(G}+C 





Substituting these expressions into (32), and separating 
the result into its real and imaginary components produces 
rather lengthy expressions for the conductance and suscept- 


ance. These expressions are shortened by letting 


it 





xX, == (42) 
1 w(C)+C>.,) 
1 
2 We, 
thus producing 
7 RyX, [ x, 4+x,) (oR, +1) - x, | 
G5. Spe 22 3 2 (44) 
X7 X> + Ry (X) +X,) 
2 2.28 
7 Ry (X, +X.) + xX) x5 (gR +1) 
5 a 9 3 2 (45) 
Xv XX + Ry (X, 4X5) 


The effective capacitance and its quality factor are then 
given by 


2 2 
Ry (X) +X.) + X1X5 (gR +1) 


Cc = (46) 
eff 2..2 2 | 
wl x. Xo + Rj (X, +X.) 


2 2 
Ry (X) +X,) + XjX5 (g Ry +1) 


~ Sa gee a c 
Ing Xo +R) (X) +X) + R)X> (X,+X,) (g Ry, +1) ~ x, | 
(47) 
Although difficult to see in this form, these equations 
will reduce to the approximate relations of (30) and (31) 


respectively, if the appropriate assumptions are made. 
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If the reactance of the parallel combination of Cy and 


Cc is still much greater than R then the feedback net- 


DG A 
work current i, will still lead v by almost 90 degrees. 


However, with R, shunted by C ee will no longer be in 


1 SG’ 
phase with ij: but will lag it by some small phase angle. 
Therefore the total current i will lead v by a lesser 
angle and Qore is again reduced. 

It is seen then, from this exact analysis, that the 
junction capacitances serve only to reduce the quality of 
the reactance obtained, and to complicate the design pro- 
blem. For this reason, field-effect transistors with small 
values of C and C should be selected when operating at 


DG SG 


higher frequencies. 


4. Performance Characteristics. These first-order, 
R-C, phase-shift networks will produce a feedback voltage 
Ygs only in the first or the fourth quadrants, depending 
upon the order of R and C in the network. Consequently, 
the equivalent conductance cannot become negative, making 
these circuits inherently stable. Also, the phase and 
magnitude of the feedback voltage is not extremely sensi- 
tive to variations in component values. Combining these 
advantages with the simplicity of design makes these simple 
reactance circuits appear quite attractive, 

Unfortunately, there are limitations in the perform- 


ance of these circuits which seriously restrict their use- 


ful application. Referring to Figure 5, as the ratio of Ry 
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to the reactance of C’is increased so that the phase angle 

between v and Vag becomes more nearly 90 degrees, the mag- 

nitude of Vga is reduced. Thus, high values of Q would be . 
possible only for very small values of equivalent induct- 

ance. There is, however, the ever present current through 

She which. remains constant for a given operating point and 

applied voltage v. This in~phase current greatly reduces 

the values of Q attainable even at small values of equival- 

ent inductance. 

Ins for most field-effect transistors is somewhat 
greater than ee for a pentode vacuum tube, while c. is of 
the same order for both. Since only moderate Q values are 
obtained with similar circuits employing vacuum tubes, the 
Q values expected here will be even less. An equivalent 
argument arriving at the same conclusions can be carried 
out for the capacitive circuit of Figure 8(a). Therefore, 
it is seen that these simple reactance circuits, although 
capable of producing fairly large values of effective in- 
ductance or capacitance, will always exhibit low values of 
Q. Their applications are thus limited to circuits where 


this loss can be tolerated. 


D. Reactance Circuits with Higher Q 


1. General. To obtain higher Qs than these simple 
reactance circuits will afford, it is necessary to reduce 
or compensate for some of the losses. One method for doing 


this is to use a feedback network capable of producing a 
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voltage of sufficient magnitude which is truly 90 degrees 
out of phase with the applied voltage. This will overcome 
the limitation of the first-order R-C networks considered 
previously. However, there is still present the in-phase 
component of current through Sps° and there will be some 
in-phase current drawn by the feedback network. These real 
positive currents could in effect be cancelled if In’ gs was 
made to have a real negative component of current of equal 
magnitude. This is possible if the phase angle of Ygs is 
slightly greater than 90 degrees. 

Although there are many circuits, both active and 
passive, which will produce phase shifts greater than 90 
degrees, consideration will be given here to only one type 
of passive network. © The second-order R-C network shown in 
Figure 9(a) is capable of producing phase angles in the 
first and second quadrants, and represents a natural exten- 
sion of the first-order network of Figure 5. The network 
of Figure 9(b) will produce phase angles in the third and 
fourth quadrants, and this represents an extension of the 
network shown in Figure 8(a). In both of these circuits, 
the actual phase angle and magnitude of the voltage Vv, are 
determined by the component values chosen. Since there is 
an infinite number of combinations of component values 
which will produce a given magnitude and phase of Vie other 


factors must be considered. 
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Vv" 


(a) (b) 


Figure 9. Second-order R-C phase shift networks. 


First, the current i drawn by the feedback network 
should be small, not only to keep the in-phase component 
small and thus reduce the amount of compensating negative 
current required, but also to keep the reactive component 
small and thus maintain a broad range of voltage-variable 
control over the total reactance presented by the circuit. 
If i is to be small, then relatively large resistors and 
small capacitors should be employed. 

A second factor concerns the ease with which calcula- 
tions for design purposes can be carried out. Some pattern 
must be established which can be used to readily predict 


what effect changing component values will have on the mag- 





nitude and phase of Vy. A pattern will be established here 
by using a tapering parameter m to fix the relative values 


of the resistors and the capacitors in the network. If 
R, = R (48) 


Ro = mR {49) 


28 








Cc, =c (50) 

and 
c, =£ , (51) 
then vy will have a unique combination of magnitude and 
phase for each different set of R and C values. The net- 
works of Figure 9 can then be solved for a large number of 
different values of R and C, and the results plotted to ob- 
tain curves in the complex plane of v, versus R for constant 
CG, oF Vv, versus C for constant R. From these curves the 
appropriate values of R and C can be selected to give vz 
with the desired magnitude and phase. It must be remember- 
ed that this set of curves will apply only for one value of 
the parameter m. If more than one value of m is to be con- 
sidered, a separate set of curves for each value must be ob- 
tained. 

The last, and perhaps the most important factor to be 
considered, is the sensitivity of the feedback voltage Vv) 
to component tolerances, In a reactance circuit, a small 
change in the phase of the feedback voltage can make the 
difference between obtaining a moderate-Q reactance, a high- 
Q reactance, or oscillations. Therefore, the stability and 
performance of the reactance circuit will depend greatly on 
the sensitivity of the phase-shift network. 

There probably exist one or more combinations of com- 
ponent values out of all combinations which produce a given 
value of Vie which will make vi least sensitive to compo- 


nent tolerances. No attempt will be made in this paper to 
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find this optimum combination of values. However, if the 
design curves described in a preceeding paragraph are ob- 


tained for various values of m, they will indicate that is 


some values of m produce a less sensitive value of Vi than 


others. Thereby, at least some consideration of the sensi- 


tivity problem can be incorporated in the initial design. 


When these feedback networks are used in conjunction 1 
with a field-effect transistor to obtain a reactance cir- 
cuit, the junction capacitances of the device will become 
part of the total feedback network, and affect the voltage 
appearing at the gate. Whether or not these capacitances 
can be ignored depends upon the values of the network ele- 
ments and the frequency of operation. Since it was stipu- 
lated earlier that relatively large resistances and small 
capacitances should be used to keep the current drawn by the 
feedback network small, and since the frequencies of inter- 
est are higher frequencies, thenin general the junction ca- 
pacitances cannot be ignored. In this case an approximate 
analysis would be almost useless; hence, these reactance 


circuits will be treated only in an exact form. 


2. Capacitive Reactance Circuit. Figure 10(a) shows 


a capacitive reactance circuit employing the second-order, 
R-C, phase-shift network of Figure 9(a). Components C3e Cys 
ne and the choke again serve only to properly bias the FET, 
and it is assumed that their values can be chosen so that 


they may be neglected at the frequency of operation. The 





equivalent dynamic model of this circuit will then be as 
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shown in Figure 10(b). As a design consideration, the ta- 
pering parameter m discussed previously will be applied to 
the R-C network so that resistors Ry and Ro» and capacitors 
Cy and Co will be related according to equations (48) through 
(52). 

The total current drawn by the circuit will be given by 


(11), which is repeated here for convenience. 


i=gv + i (11) 


m gs 1 * Spgs” 


The R-C network and the junction capacitances from a bridge 
circuit as redrawn in Figure 11, which must be solved to 
obtain Vgg and i,- An unbalanced bridge of general imped- 
ances will be solved first, and then by substituting appro- 
priate values, the solutions of the actual network will be 
obtained. 

Loop currents and impedances to be used in the analysis 
are shown in the general bridge circuit of Figure 12. Ap- 


plying Kirchhoff's voltage law around the three loops pro- 


vides 
Loop 1: v= i, (2) + Z,) + 152, + 1,2, (52) 
Loop 2: 0 = i,2,+ i,(Z,+ Zot Z,) + i,(-2,) (53) 
Loop 3: 0 = i,2,+ i,(-Z3) + i,(Z2,+ Z,+ Ze) (54) 


Solving this set of simultaneous equations for i, produces 


* & ¥ ~%# 
a eT Liz, a ey) iy oa ae ee ] (55) 


au 








Pee a ae} D 





Figure 10. (a) Capacitive reactance circuit 
employing a second-order R-c feedback 
network. (b) Dynamic equivalent 
circuit. 
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Figure 11. Bridge network in the circuit of 
Figure 10. 
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Figure 12. General impedance bridge showing 
loop currents used in the analysis. 
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where D is the determinant of coefficients given by 


Z,+Z, Za Zy zs 
D = va j (56) 
fal | 41142542, Z3 . 
Z4 “2, 2,42 42, 
Now, since 
Yge = -i,2Z, (57) 


solving for i, and substituting the resulting expression 


into (57) yiegdds 
va5 - nes 
an alee) [242, + Z4 (Z,+Z5+Z,) | (58) 


These solutions for iy and v 


gs will apply to the network of 


Figure 11, by letting 











4 | 
1 5 
7, = n (60) 
2 JWG 
<_< ac 
5 ed jwe (61) 
Z, = R (62) 
mR 
WC 
mR + TC 
sated Tc} 
The junction capacitances, Cre and Cog: may signifi- 
cantly affect the values of iy and Ygs obtained, and there- 


fore their values must be known with some degree of accura- 


cy, for the device employed, 
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As mentioned in the general discussion, the procedure 
here will be to solve equations (55) and (58) for a large 
number of R and C values, in order to obtain data for de- 
sign purposes. Since the value of v will not affect the 
total reactance shown by the circuit as long as it is held 
within the operating range of the FET, it can be arbitrari- 
ly selected to have any value for design purposes. 

Because of the great amount of labor and time required 
to carry out this analysis by hand, it is best accomplished 
with the aid of a digital computer. A simple program 
written in Fortran IV language for use with the IBM 360 
Digital Computer is included in Appendix I. The applied 
voltage, the tapering parameter m, the values of the junc- 
tion capacitances, and the frequency are entered as data. 
The program gives values of Ygs and i, over a range of R 
and C values, and draws curves of V5 in the complex plane, 
for constant values of C and varying R. 

The total admittance of the reactance circuit as ob- 


tained from (11) is 


Im’ gs iy 
% * yt yt Spe (64) 


If v is selected to have a value of one, then the equival- 


ent conductance and susceptance can be expressed by 


G 
Oo 


i] 


g + Ri (g Vv +i 


DS m gs 1) 


B 


fe) Tn Sin" gs ay 


35 








and these real and imaginary components will be directly 
available from the design data. Writing this in terms of 


the effective capacitance and Q yields 


-t 
Cert = @ 2m Im’ gs + 34) so7) 
0 = Ta Im’ gs = i) (68) 
eff Sng + Re (Ings + i,) 


It is desirable to make Gy as small as possible to 


obtain high Q, but it must never be allowed to go negative 


s 1) 


go negative, it subtracts from the positive conductance of 


or oscillations will result. By letting the Bele +i 


Sng? and higher values of Q are obtained. The stability 


limit that must not be exceeded is 


’ — 
Re (Iin% gs = iy) Ing (69) 


It must be pointed out that when this capacitive reactance 
circuit is used in conjunction with a real inductor which 


has a finite conductance Sy the stability limit becomes 


+ 


RAG Vag Py? = ) (70) 


mgs “(Iy¢ Sy, 
The negative conductance of the reactance circuit can thus 
provide Q multiplication® in the dive where it is 
employed. 

For a given value of the tapering parameter m, it may 
not be possible to select values of R and C which will pro- 


vide specified values of both Core and Qare: Without going 


to a different value of m, a compromise can be made depend- 
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ing upon which property is the most important in the par- 
ticular application. Usually most of the device character- 
istics are not known with sufficient accuracy to warrant 


too exact an analysis. 





It must also be remembered that the values of Sm’ Ips’ 
and the junction capacitances are all bias dependent. This 
must be taken into account especially from a stability 
standpoint. If gate bias is to be used to vary Sin’ and 
thus the effective capacitance shown by the circuit, then 
the circuit must be stable at each and every bias level. 


This means that equation (69) must be satisfied over the 


entire bias range. 


3. Inductive Reactance Circuit. An inductive react- 
ance circuit employing the second order R-C network of Fi- 
gure 9(b), is shown along with its dynamic equivalent in 
Figure 13. The R-C network and the junction capacitances of 
the FET again form a bridge circuit at the gate, which is 
redrawn in Figure 14. The tapering parameter m has been 
included to fix the relative values in the network. The so- 
lutions obtained for the general impedance bridge of Figure 
12 can be applied here in the same manner as they were in 


the capacitive reactance circuit by letting 





Z, =R (71) 
1 
2 IWC HG 
Z, = mR (73) 
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(b) 


Figure 13. (a) Inductive reactance circuit employing a 
second-order R-C feedback network. (b) Dynamic 
equivalent circuit. 
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Figure 14, Bridge network in the circuit of 
Figure 13. 
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Zy = jwe (74) 


m 
a (75) 
5 jw(c + mC.) 


Then i, and v are given by (55) and (58) respectively. 


gs 
With slight modificationsto allow for the component chan- 





ges, the computer program in Appendix I can also be used to 
obtain design data and curves for this inductive circuit. 

Carrying out an analysis similar to the previous one, 
the effective inductance and Q are found to be 


-1 


eff WI (gv..+i 


) (76) 
m‘-m gs 1 


4 : Tal Im” et i,) = 
eff Sng t Re (Gage + i,) 


Statements made about the capacitive circuit concern- 
ing stability also apply here. It must be cautioned, how- 
ever, that if this inductive reactance circuit is not used 
in conjunction with another inductor, the stability limit 
of equation (69) must be definitely avoided. 

No attempt has been made in any of these circuit de- 
signs to allow for stray capacitance or inductive coupling. 
Excessive or even small amounts of either of these may up- 
set the design and they should therefore be given serious 


consideration when fabricating an actual circuit. 
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IIit. EXPERIMENTAL RESULTS 
A. Measuring Technigue 
l. Q-Meter. Prior to the actual fabrication of a ‘ 
reactance circuit, a method for measuring its properties 
had to be selected. The frequencies of interest were in 
the 200-250 Khz range, where a possibility exists for em- 
ploying these reactance circuits in teletype applications. 
A standard Q-meter appeared to be the simplest and most di- 
rect means of measuring an equivalent dynamic inductance or 
capacitance and its associated quality factor. The instru- 
ment selected was a Boonton Q-Meter type 260-A, which offer- 
ed operating frequencies in the range of interest. 
The measuring principle of this instrument is based on 
a familiar characteristic of series-resonant circuits; 
namely, that the magnitude of the voltage appearing across 
either reactor is equal to the voltage applied to the cir- 
cuit multiplied by the circuit od Referring to Figure 15, 


the voltage is applied across a 0.02-ohm resistor, anda 


calibrated, internal, vacuum-tube voltmeter is used to 
measure the voltage appearing across one of the reactances, 
Co is an internal capacitor of the Q~-meter which is varied 
to establish resonance in the measuring circuit. Its dial 
is calibrated to read capacitance, but will also give 
direct readings of inductance at certain frequencies. One : 
of ehewe frequencies is 250 Khz, and to take advantage of 


any simplification which might result in the measuring pro- 


cess, this frequency was used for all of the reactance cir- 


cuit measurements. 
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Three basic methods, direct, parallel, and series, 
exist for connecting components to the Q-meter measuring 
circuit. Only the first two of these methods will be con- 
sidered, since the series connection was not required in 


any of the measurements. 





3 At 250 Khz, direct measurement of inductors with values 





from 1tol0Omhis possible. The unknown inductance is con- 
nected across the HI-LO terminals of the Q-meter, and the 
other terminals are left open. After the circuit is 


brought to resonance by varying C the value of the induc- 


Q’ 
tance can be read directly from the tuning capacitor dial. 
The value of Q indicated on the Q meter is the circuit Q, | 
but since the tuning capacitor is essentially lossless, 

this value will be the Q of the inductance, 


A parallel connection can be used to measure capaci- 


tances of less than 430 pf, and certain small inductances, 
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Figure 15. Q-meter parallel measuring circuit. 





A standard work coil is required which will resonate with 
the tuning capacitor at the selected frequency. First, the 
standard -coil is connected directly across the HI-LO term- 
inals and with the other terminals open, the circuit is 
brought to resonance. The Q reading and the value of Cg 
are recorded as Q) and Cy respectively. The unknown reac- 
tance is then connected across the HI-GND terminals, and 
resonance is restored with the tuning capacitor. Values of 
Cy and Q, are then obtained from the capacitor dial and the 
Q meter. If the unknown reactance is capacitive, its ef- 


fective capacitance and Q are given by 


Core = Cy = Cy (78) 

Qere . Agc, (79) 
where An w= 

Q=@, - Q (80) 


If the unknown reactance is inductive, then its effective 
inductance and Q are given by 


1 


eff WF (C5-Cy) 
Q.Q. (C4-C, ) 
_ 2,02 'C2-C) 
Sere * “Koc, (82) 


2. Varactor Measurements. To test this measuring 
technique, it was decided to measure the capacitance and Q 
of several voltage-variable capacitance diodes, Known as 


varactors. These semiconductor devices operate on the prin- 
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ciple that the depletion layer of the p-n junction widens 
with reverse bias. This in effect moves the two conduc- 
tion areas apart and decreases the junction capacitance. 
Specially designed varactors are available with capacitance 
values up to several thousand picofarads, but unfortunately 
they are quite expensive. By contrast, the varactors used 
here have maximum values of 100 pf and are relatively in- 
expensive. Varactors are widely used in some of the same 
applications where capacitive reactance circuits could be 
employed, and thus it is worthwhile to note their character- 
istics for future reference. 

The simple circuit arrangement shown in Figure 16 was 
used in the varactor measurements, Ver is a variable volt- 
age supply used to reverse bias the varactor. The 0.5-wf 
capacitor, which offers negligible reactance at the measur- 
ing frequency, serves to block the d.c. voltage from enter- 
ing the Q-meter. The 2-Megohm resistor offers a high- 
impedance path through the bias supply and thus prevents an 
a.c. short across the varactor. Since the measuring method 
to be used is the parallel connection, equations (78) and 
(79) apply, anda standard coil was selected with a value 


of 2.5 mh and a Q of approximately 180. 
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Figure 16. Varactor measuring circuit. 


The equivalent circuit of the reactance measured be- 
tween the HI-GND terminals is shown in Figure 17, if the 
entire circuit is removed in the measuring process. It 
would be more realistic to measure the properties of a 
varactor in this manner, because an associated bias circuit 
is always required. However, it is desired here to obtain 
values of C, and oy for comparison with the manufacturer's 
specifications and thus prove or disprove the validity of 


this measuring technique. 


Cy Ry 2Ma C stray 


Figure 17. Equivalent circuit of the varactor 
and its biasing network. 
If the circuit remains connected during the measuring 
process, and only the varactor is removed, an accurate 
value of Ce will be obtained. The measured value of Q, 


will be correct only if R, <2 MQ, but at 250 Khz, R_ will 
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generally be much greater than 2 Megohms. The value of oar 
although in reality very high, will then appear almost in- 
finite. To study this effect, an ordinary capacitor with a 
directly measured capacitance of 97.4 pf and Q of 2105, was 
inserted in place of the varactor in the measuring circuit. 
The values of capacitance and Q then measured were 97.7 pf 
and 1970 respectively. Thus, it is seen that at least up 
to this value of Q, the 2-Megohm resistor does not produce 
any great inaccuracy. Since components with Qs higher than 
this usually introduce negligible losses in circuits where 
they appear, the actual value becomes insignificant and the 
procedure employed here appears to be adequate. 

The varactors obtained for testing were Motorola types 
MV 840, MV 1650, and MV 1750. All were listed as having a 


capacitance of 100 pf at Vp = -4 volts, and a maximum to 





minimum capacitance ratio of approximately 2.5. The maximum 
reverse breakdown voltage was given as -30 volts for the MV 
840 and MV 1750, and -20 volts for the MV 1650. Values of - 
a. were given only at 50 Mhz which is just outside the 
usable frequency range of the Q-meter. The MV 840, being 
the least expensive and having by far the highest losses of 
the three, is reported to have a Q of 15 at this frequency. 
With the test circuit in place, minus the varactor, 


values of Cc, and Q) to be used in equations (78) and (79), 


al 
were found to be 153.6 pf and 127 respectively. The var- 


actor was then inserted, and values of C. and Q. were ob- ; 


2 


tained at different bias levels of Vp over its allowed 
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range. Values of Co and the computed C, for each varactor 

and bias level are listed in Table I. In all cases Q. was 
approximately the same as Qi indicating a very high 2. at ° 
this frequency. For this reason, values of Q5 and Q. have 

not been listed in the table. 


From the data in Table I, curves of C. versus V. as 


R’ 
shown in Figure 18, were obtained for the three different 
varactors. The curves for the MV 840 and the MV 1750 were 
almost coincident, and the curve drawn is representative of 
’ the capacitance for both. 

To establish some validity for the Q measuring tech- 
nique, it was decided to use a fixed bias level on the MV 
840, and measure its capacitance and Q as a function of 
frequency. ‘Vp was selected to be -30 volts, and the data 


obtained, along with the computed values of C,, and Q, 


V 
using (78) and (79), are listed in Table II. 44 Mhz was the 
highest frequency at which resonance could be obtained 
using a 0.1-wh standard coil, which was the smallest avail- 
able. Curves of C,, and Q, versus frequency, constructed 
from this data, are shown in Figure 19. From the Q, value 
of 18 at 44 Mhz and the general shape of the curve, the pro- 
jected value at 50 Mhz would approximate the manufacturer's 
listed value of 15. 


The generally close agreement between the listed 4 


values and those measured by this method shows that this 


measuring technique should be satisfactory for measuring 





TABLE I 


Tabulated data and results from varactor capacitance 


- measurements. Cy = 153.6 pf, Qy = 127 for all cases. 
4 MV 840 MV 1650 MV 1750 

VR Co CS Co ee Co Cc. 

(volts) (pf) (pf) (pf) (pf) (pf) (pf) 

-30.0 112.9 40.7 125 2 41.4 

-28.0 111.6 42.0 111.0 42.6 

-26.0 110.2 43.4 109.4 44.2 

-24.0 108.5 45.1 107.7 45.9 

-22.0 106.7 46.9 105.8 47.8 


-20.0 104.7 48.9 Aken O 41.6 LO3 26 50.0 
-19.0 103.6 50.0 110.4 43.2 102.4 5122 


é -18.0 102.3 51.3 108.5 45.1 101.2 52.4 
-17.0 101.0 52.6 106.5 « 4751 99.7 53.9 

-16.0 99.6 54.0 104.5 49,1 98.3 55.3 

~15.0 97.8 55ee “LO2.4. ube? 96.6 57.0 

-14.0 95.9 57.7 100.0 53.6 94.6 59.0 

-13.0 94.0 59.6 97.7 55.9 92.7 60.9 

. -12.0 91.9 61.7 94.5 59.1 90.5 63.1 
-11.0 89.4 64.2 92.0 61.6 88.2 65.4 

-10.0 86.8 66.8 88.7 64.9 | 85.7 67.9 

La -9.5 85.2 68.4 87.0 66.6 84.2 69.4 
~9.0 83.7 69.9 85.2 68.4 82.6 71.0 

-8.5 81.9 Fle? 83.2 70.4 80.7 72.9 

-8.0 79.9 pee; 81.0. 72.6 78.7 74.9 

-7.5 77.8 75.8 78.7 74.9 76.5 772k 

-7.0 75.4 78.2 76.0 77.6 74.3 79.3 

-6.5 72.8 80.8 73.3 80.3 71.9 81.7 

-6.0 70.0 83.6 Ths 5 gee eal 69.2 84.4 

-5.5 66.9 86.7 67.0 86.6 66.0 87.6 

-5.0 63.0 90.6 63.3 90.3 62.4 91.2 

-4.5 59.0 94.6 58.9 94.7 58.7 94.9 

-4.0 54.1 99.5 53.7 99.9 53.3 100.3 
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Figure 18. Varactor capacitors variation with reverse bias. 
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Figure 19. Variation of capacitance and Q with frequency 
for the MV 840 Varactor at Va= 730 volts. 
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TABLE IT 


MV 840 Varactor capacitance and Q obtained for various 
frequencies with Vp = -30 volts. 








t Q) cy Qo Co cy Q, 
(Mhz) (pf) (pf) (pf) 
225 127 153.6 127 112.9 40.7 
1 168 92.5 167 51.8 40.7 12,350 
5 198 90.7 188 49.8 40.9 1680 
10 188 238.0 181 196.6 41.4 803 
22 113 433.6 108 391.5 42.1 237 
25 113 335.8 106 291.7 44.1 209 
30 138 231.3 115 184.0 47.3 141 
33 144 190.5 106 140.7 49.8 105 
37 149 151.3 70 95.1 56.2 49 
40 152 126.7 44 67.5 62.2 30 
4A 155 105.0 23 34.7 70.3 18 





the effective capacftance and Q of a reactance circuit. 
There is no apparent reason why equal success should not be 


possible when measuring inductive reactance circuits. 


B. Model Verification Using a Simple Capacitive Reactance 
Garou’ 

The next step in the investigation appeared to be the 
construction of a simple capacitive reactance circuit. 
Although it was realized that such a circuit is limited in 
application by its low Q, general agreement of its proper- 
ties with the théory of Chapter II would provide experiment- 
al verification of the FET model. 

A reactance circuit employing a 2N3819 FET was fabri- 
cated according to the schematic diagram shown in Figure 


20. This device was selected for its availability as well 
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Figure 20. Simple capacitive reactance circuit. 


as its properties, and may not be the best FET that could 
be employed. It does however, offer high transconductance, 
relatively low output admittance, and small values of 
junction capacitances, which are all desirable properties 
for this application. 

The common source drain and transfer characteristics 
for the particular 2N3819 employed, as obtained from the 
Tektronix type 575 Transistor Curve Tracer, are shown in 
Figure 21. With the static load line determined by only 
the 450 ohm d.c. resistance of the inductor, a drain supply 
of 16 volts was thought to be adequate. Although the trans- 
fer characteristic curve was obtained for Vop = 20 volts, 
there was essentially no change in the observed curve in 
going to 16 volts. 

Values of Sys and Ti, were obtainea by measuring the 


Slopes of the drain and transfer characteristic curves at 
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(a) Common-source drain characteristics 
for the 2N3819. Horizontal scale for Vos 
2 volts/div. Vertical scale for Ip is 
1 ma/div. Top curve corresponds to Vag=0- 
i with steps of -.2 volts/step. 





= (b) Common-source transfer characteristic 
for the 2N3819 with Vos =20 volts. Hori- 
zontal scale for Vgg 1s -.2 volts/div with 
: Veg = 0 at the right hand limit. Vertical 
scale for Ip is 1 ma/div. 


Figure 21. 
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various values of Vag: along the load line. Admittedly, the 
individual values obtained by..this method can be quite in- 
accurate, but by plotting the values and then ghasing?é 
smooth euive henialiien these points, reasonably accurate 
descriptions of these parameters should result. This was 
done to obtain the smooth curves shown in Figure 22. The 
vardetion of Sng’ through probably not linear in reality, 
was best represented by a linear curve over most of ‘its 
range. Fixed gate bias'was used in the circuit of Figure 
-20, so that its value could be easily controlled. 

The equivalent circuit will be that shown rT Figure 7, 
with one exception. The choke is of such a value that it 
cannot be neglected at 250 Khz. Since it appears between 
the drain and source, its inductive susceptance subtracts 
from the total capacitive susceptance and thus reduces the 
effective capacitance shown by the circuit. This effect is 
relatively small, amounting to a reduction in capacitance 
of only 3.2 pf. A more serious pati t is the reduction in 
Q caused by the additional losses that are introduced. 

The junction capacitances were not known exactly, but 
(8 pf 


based on the listed maximum values of Ciss and Cras 


and 4 pf respectively), the values of C,, and C,, should be 


DG 
no greater than 4 pf. With this knowledge, the values of 


Ry and Cc, were selected so that the approximate solutions " 
given by (30) and (31) would apply. Using values of Sys 


and g., for Ves = -~1.0 volts, and 4 pf each for C and C 


S DG 


SG’ 
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Figure 22. 7, and Ips versus Ves for the 2N3819 employed. 
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‘these equations yield the following expected values Of Core 


and Qure for the circuit. 


/ 


Cc ww 290 pf 


1 


This calculation was performed only to indicate the order 
of values expected and no attempt was made to include the 
.effect of the inductor. ‘ 

With the circuit thus sstabilighed, the effective ca- 
pacitance and Q, as a function of gate bias, were measured 
by the parallel method. Unlike the varactor measurements, 
the values obtained here are for the entire circuit. For 
all of the measurements, Cy was 398 pf and Q, was 177. 

The rest of the data obtained and the calculated results 


are listed in Table III. The rather large discrepancy 


TABLE III 


Measured results of the reactance circuit of Fig.20. 


Ves Vong Q2 Co Cort Qore 
(volts) (volts) (pf) (pf) 
EF, 8 BO 138 260 2.00 
a2 14.0 3.5 152 246 2.20 
eed 14.4 4.0 168 230 2.36 
-~.6 14.7 ALS 183 215 2.50 
-.8 15.0 5.0 198 200 2.80 
-1.0 15.2 7.0 217 181 3.32 
=-1.2 15.5 9.0 240 158 3.77 
-1.4 15.7 11.0 265 133 3.92 
-1.6 15.8 14.5 294 104 4.13 < 
-1.8 15.9 22.5 330 68 4.41 
#240 15.9 60.0 372 26 5.93 


42.42 16.0 110.0 382 16 £i.70- ce 
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between the calculated and measured values of Core at 


Ves = ~1.0 volts indicated that Cnc was actually smaller 
than the value assumed. By removing the external capaci- 
tor and thus using only Cre as the feedback capacitance, it 
was hoped that an indication of the actual value could be 
obtained. The measured data and calculated results for 
this modified circuit are listed in Table IV. 

For comparison to these measured values, a simple com- 
puter program (Appendix II) was written to evaluate the 
exact expressions, (46) and (47), which were appropriately 
modified to account for the effects of the inductor. 


Solutions were obtained over the range of V for C having 


GS 


values of 2, 3, and 4 picofarads, where C = Cy + C The 


DE” 


effect of Cog is small, and was chosen to be 4 pf as a 


worst case. The values of Ins and dg. used were those taken 


TABLE IV 


Measured results of the modified reactance cir- 





cuit with Cy = 0. 
Ves Vos Q5 Co Cee Qare 
(volts) (volts) (pf) (pf) 

0 13.8 10.5 263 1315 3.79 
-.2 14.0 hae 212 126 3.79 
-.4 14.4 2 ee2 280 118 3.89 
-.6 14.7 1B 292 287 111 3.98 
-.8 ALS (0) 5). 0 296 102 4.22 

~1.0 L522 16.7 303 95 4.39 
-1.2 : Led 19.2 315 83 4.49 
-1.4 Lee Se) S27 71 4.72 
-1.6 15.8 29.5 34: 57 “by OF 
-1.8 15.9 45.0 361 37 Sebl 
-2.0 15.9 96.0 382 16 8.44 
-2.2 1650 152.10 390 8 21.65 








from the curves of Figure 22. 

These calculated values of Core have been plotted in 
Figure 23, along with the measured values listed in Tables 
III and IV. The general agreement — the calculated 


values when C = 2 pf and the measured values when C = Che! 


would indicate that the value of ¢ is very close to 2 pf, 


DG 
providing that the model used in the analysis was correct. 
The general agreement between the calculated values when 


C = 4 pf and the measured values when C = C,,, + 2 pf, not 


DG 
only supports a value of 2 pf for Cag? but also tends to 
verify the model employed. 

The agreement between measured and calculated values 
of Qere is not quite as good, as seen by Figure 24. The 
lower values of measured Q at higher currents, could be 
attributed to current-dependent losses in the circuit, not 
accounted for in the model. The sharp rise in measured Q 
at large values of gate bias, results when pinch-off is ap- 
proached. When these extremes are avoided, the calculated 
and measured values of Qere differ nowhere by more than a 
factor of 2, whieh can be considered adequate in the design 
of these circuits. 

The resulte obtained here show that the'circuit model 
chosen provides an adequate description of the simple re- 
actance circuit, especially in the range of Ves from -.4 to . 

“1.6 volts. As expected, the effective Q of this circuit 
was quite low, but the additional knowledge of the FET model 


obtained should facilitate the design of reactance circuits 
with higher Q. 
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Figure 23. Calculated and measured values of C £ for 
the simple capacitive reactance cirgait of 
Figure 20. 
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Figure 24. 














ie - (volts) 


Calculated and measured values of Qerf for 
the simple capacitive reactance circuit of 
Figure 20. 
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C. Ca@acitive Reactance Circuit with Higher Q 


With the values of C and Cy for the FET known more 


DG G 
accurately, a reactance circuit employing the second-order 
R-C feedback network, shown in Figure 10(a), was designed. 
First, the complex values of Vos and i, as functions 
of R and C were obtained for the bridge network of the feed- 
back path. The computer program of Appendix I was used for 
these calculations, and besides providing tabulated i 
of or and i,j, a graph showing curves of complex "oe for 
constant C and varying R was obtained. The tapering para- 
meter m was selected to have a value of one, since the 
purpose here was’ to see if a stable, high-Q, effective ca- 
: pacitance could be obtained, and not to design for a parti- 
cular value of that capacitance. Thus, the bridge network 


analyzed was that shown in Figure 25, for which the calcul- 


ated curves of Vos’ shown in Figure 26, were obtained. 








Figure 25. Bridge network used in the design analysis. 
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In Figure 26, Ygs corresponding to R = 0 is at the 


origin, and for increasing R, the direction of v__ is away 


gs 
“from the origin along the curves of constant C. The range 





of relatively small capacitance was chosen to keep i, small. 

Then, where the Re (gooey) is approximately equal in value 

to Gngs but negative, high values of Q should be obtained. 
Using the values of i and Shs for Vas = -1.0 volts, 

the above relationship indicates that the Re(v,.) should be 

about -2.6 mv. Where this value occurs along the C = 6 pf 

curve, appears to be the most stable point, at least for 

variations in R. The most negative that the Re(v,.) becomes 

along this curve is approximately -4 mv for an R of about 

16 KQ, Rememebring that the measuring circuit to be used 


includes a standard coil with a finite Q, the reactance 


circuit could show a negative conductance and still remain 





stable overall, according to equation (70). In the hope to 
obtain this effect of Q multiplication, an R of 16 KN and a 
C of 6 pf were chosen. 

The capacitive reactance thus fabricated is shown in 
Figure 27. All of the biasing components, except perhaps 
the choke coil, have a nag ligibie effect on the dynamic 
equivalent circuit. The FET was the same one employed pre- 
viously, and was operated under the same bias conditions, 
so that the curves of On and Sp in Figure 22 were valid. 


With the tabulated values of v and i, substituted 


gs 1 


into equations (67) and (68), the calculated values of Core 
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Figure 27. Capacitive reactance circuit providing higher Q. 


and Qore for Ves = -1.0 volts were found to be 
Core = 114 pf 
Qeee = 796 . 


Since negative Q values are not usually defined, it is bet- 
ter to express this result in terms of the effective con- 


ductance of the circuit, which was found to be 


Gare = -3.0 mhos 


When measuring the effective Q by the parallel method 
used previously, applying equation (79) results in a negat+ 
ive value of Q, since Ag = Q, - Q is negative. Since this 
result is not considered proper, the following expression 
which gives Gore in terms of the measured Q and Cc values was 
developed from an analysis of the measuring circuit, and 


applies for both positive and negative conductances. 
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(83) 


. The resultsof the measurements made on the circuit of 
Figure 27 are tabulated in Table V. For all of the measur- 
ements, the values obtained for Cy and Q, were 398 pf and 


174 respectively. The values of Core and Gore are plotted in 


TABLE V 


Measured results for the circuit of Figure 27. 


Ves Co Q5 Q Coes Gort 
(volts) (pf) (pf) (mhos) 
0 201 46 126 197 T0.00 
ae 208 53 121 190 8.20 
aa 212 63 111 186 6.34 
a) 218 73 101 180 4.98 

: -.4 224 84 90 174 3.84 
=. 35 229 97 77 169 2.86 
a6 235 112 62 163 1.99 

, Mi 240 130 AA 158 1,22 
me 248 153 21 150 49 
a9 255 180 =i 143 a he 
-1.0 263 205 231 135 -.54 
2141 271 #238 -64 127 =~ 93 
aoe 276 #282 -108 122 -1.38 
#123 287 *310 =136 0 =1.58 
-1.4 299 #315 -141 99 “1.61 
35 310 *300 138 88 re 
=igs 325 #255 =84. 73 <1, 14 
et: 344 #212 “35 ‘Ga =,64 
#168 360 166 8 38 AF 
£145 375 132 A2 23 1,15 
=2.0 382 119 55 1 165 


* Resonance was abrupt when approached from one 
side, indicating an oscillatory condition not 
predicted. 


Figure 28. It is seen that G, is negative for Vo in the 


ie S 


range of -.9 to -1.7 volts, and it is almost constant in 
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Figure 28. 
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the small range from -1.3 to -1.5 volts. In this latter 
range the capacitance changes by approximately 30 pf; 

thus a variable capacitive reactance providing an almost 
constant value of Q multiplication has been achieved. The 
measured values of Cope and Gorge agree quite well with the 
calculated values considering that the effects of the choke 
coil were ignored in the calculation. 

Because of the existence of a slight instability in 
the negative conductance region, the circuit was experiment- 
ally modified by changing the resistance values. By replac- 
ing the fixed resistors with variable ones, the resistance 
values as shown in Figure 29 were found to produce apparent- 
ly optimum conditions of stability and Q multiplication for 


the value of Cc used. 


+16 
| 130 mh 
——— a 


a 
4 bef 4 Ff | 
at OBE chisera ge 
=| Ma 
a5 L5Ks 
] Vas | 
outs a tee ’ 


Figure 29. Experimentally modified version of the 
capacitive reactance circuit shown in 
Figure 27. 
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Measurements made on this cireuit produced the re- 
sults tabulated in Table VI and plotted in Figure 30. The 
curves appear to be horizontally stretehed versions of 


those obtained for the previous cireuit. This thodifieation 


TABLE VI 


Measured results for the thodified reactance 
circuit of Figure 29, Q = 184, Cc, = 394 pF. 





Ves Cy Qs Q Cart er 
(volts) (pf) (pf) (fthos) 
0 27 L 3 
=,1 276 132 52 118 1,32 
=.2 279 154 30 115 265 
=.3 283 176 8 111 219 
-.4 286 202 =18 108 =; 30 
=.5 289 236 =52 105 =.74 
~.6 292 270 =B6 102 =1.07 
=.7 296 316 =132 98 =1.41 
-.8 300 362 =178 94 -1.66 
«9 304 412 =-228 90 =1.86 
=1.0 308 462 =278 86 =2.02 
=1,1 313 490 =306 81 =2.10 
=1,2 318 500 -316 76 =2.,12 
«1.3 324 490 =306 70 =2.10 
=1.4 331 446 =262 63 =-1.98 
=1.5 339 368 =184 55 =1.68 
=-1.6 347 290 =106 47 =1,23 
=1,7 357 220 =36 37 =,55 
=1.8 368 168 16 26 332 
=1.9 378 136 AB 16 1.19 
=2,0 382 124 60 12 1:63 








has made the effective capagitance and conduetanee less 
sensitive t6 Vag and has reduced the range of effective 
Capacitance obtained. However, the magnitude of the nega- 
tive c6enductance has been inéreased, producing greater OQ 
multiplication. When used with an indueteF as in the 


wéeasuring process, the cirewit appeared to be completely 
stable at all times. 
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Figure 30. Measured values of Core and Gore for the 
capacitive reactance circuit of Figure 29. 
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When compared to the varactors that were investigated, 
this capacitive reactance circuit has the distinct advant- 
age of offering Q multiplication as well as a variable ca- 
pacitance. Although a smaller usable variation in capacit- 
ance is obtained, the controlling voltage required is much 
less than that required to produce the same capacitance 
change with the varactors. Thus it seems reasonable that 
FET dapacitive reactance circuits, designed by this tech- 
nique, and appropriately modified experimentally, could be 
used in certain applications now using varactors. 

Although omitted from this report, there is no reason 
to believe that similar inductive reactance circuits cannot 
be successfully designed by this same method. 

Before these FET reactance circuits can be fabricated 
in entirely integrated form, some means of biasing without 
the choke coil must be devised. When a resistor is used, 
it increases the losses considerably, and thus requires a 
much larger negative conductance to obtain useful values of 
Q. This in turn, places closer tolerances on the component 
values in the feedback network in order to maintain stabili- 
ty. At the present state of the art, it is not believed 
that the required tolerances can be obtained in integrated 
éiveuttes,*° Some other feedback network, either active or 
passive, might be found which could be successfully inte- 


grated with an FET into packaged form. 
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IV. CONCLUSIONS 

The results of the investigation herein reported de- 
monstrate the feasibility of designing an FET reactance cir- 
cuit to meet rather precise specifications by the use of the 
equivalent circuit model. The digital computer greatly fa- 
cilitates design by making possible a rapid evaluation of 
the modeled circuit over a wide variation of circuit para- 
meters. At the present state of the art, the particular 
FET reactance circuits investigated are believed to be too 
sensitive to component tolerances to be packaged in integra- 
ted form. However, the design formulae employed in this 
investigation appear to be valid and point the way to engin- 
eering design of even more complicated and sophisticated 
reactance circuits, one or more of which may prove suitable 


for packaging in integrated form. 
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APPENDIX I 


FEEDBACK NETWORK ANALYSIS FOR CAPACITIVE REACTANCE 
CIRCUIT 
CURVES OF VGS IN THE COMPLEX PLANE FOR CONSTANT C 
AND VARYING R WITH V = 1.0 
DIMENSION X(200), Y¥(200) 
COMPLEX V, VGS, Il, D, 21, 22, 23, 24, Z5, Ze, 27, 
128, 29 
REAL I1R, I1M 
REAL*8 ITITLE(12)/'CURVES OF COMPLEX VGS FOR CONS TANT 
1 C AND VARYING R - G.D.CLARK - 1968 y 
REAL LABEL1/4H2 /, LABEL2/4H /,UABEL2/4H20 / 
1 READ (5, 100) CDG, CSG, F, M, K 
WRITE (6, 500) 
Vl = 1.0 
WRITE (6, 501)V1, CDG, CSG, Fy M 
W = 2.0*F*3.141593 
R = 0.25E 03 
C = 0.2E-11 
Z2 = (0.0,-1.0)/(W*CDG) 
Z6 = (0.0,-1.0) /(W*CSG) 
DO 10 J=1,10 
WRITE (6, 502) 
DO 20 N=1,200 


aqaaaaAN 


cc = J*c 

i RC = N¥R 
Zl = (0.0,-1.0)/(W*cC) 
Z23 = M*Z1 

“ Z4 = RC*(1.0,0.0) 

Z5 = M*Z4*Z6/(M*¥Z4 + Z6) 
Z7 = Z1 + Z4 
Z8 = Z1 + 22 + Z3 
Z9 = Z3 + 24 + Z5 


D = Z7*Z8*Z9 - 2.0*Z1*Z3*Z4 - ZBE*Z4**2 -~ Z79*Z1**2 
i, — Z7¥*Z3**2 

V = V1*(1.0,0.0) 

VGS = V*¥Z5*(Z1*Z3 + Z4*Z8)/D 

VGSM = CABS (VGS) 

VGSR = REAL(VGS) 

ANGVG = ARCOS (VGSR/VGSM) *180.0/3.141593 

Il = V*¥(Z8*Z9 - 23**2)/D 

I1M = CABS(I1) 

I1R = REAL(I1) 

ANGI1 = ARCOS (I1R/I1M) *180.0/3.141593 

WRITE (6, 503) RC, CC, VGS, VGSM, ANGVG, I1, I1M, 


X(N) = VGSR 

¥(N) = AIMAG(VGS) 
20 CONTINUE 
i IF (J .EQ. 1) GO TO 2 
IF (J .EQ. 10) GO TO 3 
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CALL DRAW (200,X,Y,2,0,LABEL2,ITITLE, .02,.05,0,3,2,2, 
16,8,1,L) 
GO TO 10 
2 CALL DRAW (200,X,Y,1,0,LABEL1,ITITLE, .02,.05,0,3,2,2, 
16,8,1,L) 
GOTO 10 
3 CALL DRAW (200,X,Y,3,0,LABEL3,ITITLE, .02,.05,0,3,2,2, 
16;.8y 2,5) iy 
10 CONTINUE 
IF (K .EQ. 0) GO TO l 
100 FORMAT (3E15.5,, 215) 
500 FORMAT (1H1,T8,'V',T20,'CDG',T35, 'C6G',T50,'F',T65, 
1'm',/) 
501 FORMAT (1F10.2, 3E15,5,1110) 
502 FORMAT (//,T8,'R',T20,'C',1T37,'VGS',T54, 'MAG VGS', 
1765, 'ANGLE VGS',T85,'I1',T102,'MAG I1',T113,'ANGLE I1' 
2,/,130, 'REAL',T42, 'IMAG',T78, 'REAL',T90, 'IMAG',/) 
503 FORMAT (2E12.3, 8F12.6) 
STOP 
END 


72 








APPENDIX II 


MODEL ANALYSIS - FET REACTANCE TRANSISTOR 

DIMENSION C(3,20), Q(3,20), X(3,20), CO(20), Q0(20), 
lvGs(20), GM(20), GDS(20) 

COMPLEX Z1, Z2, Z3, Z4, Z5, Z6, Z7, YOUT 

REAL L 

REAL*8 ITITLE(12)/'MODEL ANALYSIS OF C VS. GATE BIAS 
iL G.D. CLARK 

REAL*8 JTITLE(12)/'MODEL ANALYSIS OF Q VS. GATE BIAS 
nl G.D. CLARK 

REAL*8 LABEL1/8HC 2 /,LABEL2/8HC 3 ytitieesy 
18HC 4 /, LABEL4/8HQ 2 /, LABEL5/8HQ 3 Ie 
2LABEL6/8HQ 4 ye 
1 READ (5, 100) R, CSG, L, F, K 

WRITE (6, 200) 

WRITE (6, 201) R, CGS, L, F 

W = 2.0*F*3.141593 


Z4 = (0.0,-1.0) /(w*cscG) 
25 = (1.0,0.0)*R 

Z2 = Z4*Z5/(Z4 + Z5) 

Z6 = W*L*(0.0,1.0) 

DO 5 I=1,20 


5 READ (5, 101) VGS(I), GM(I), GDS(I) 
DO 10 J=2,4 
CDG = J*0.1E-11 
Zl = (0.0,-1.0)/(W*CDG) 
WRITE (6, 202) CDG 
me » N=1,20 
= (1.0,0.0)/GDS (N) 
“a = Z6*Z7/ (Z6 + Z7) 
YOUT = (GM(N)*Z2 + 1.0)/(Z1 + 22) + 1.0/23 
BO = AIMAG(YOUT) 
GO = REAL (YOUT) 


X(J,N) = VGS(N) 
WRITE (6, 203) GM(N), GDS(N), VGS(N), GO, BO, 
iL CEFF, QEFF 
20 CONTINUE 
10 CONTINUE 
DO 30 J=2,4 
DO 40 N=1,20 
XO (N) X(J,N) 
CO(N) C(J,N) 
40 CONTINUE 
IF (J .EQ. 2) GO TO 31 
IF (J .EQ. 4) GO TO he 
+ DRAW (20, gee CO,2,2,LABEL2,ITITLE, .3,.2E-10,0, 
ne 7,2,2,7,15,1, 


a TO 30 


oi 
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31 CALL DRAW (20,X0,CO,1,1,LABEL1,ITITLE,.3,.2E-10,0, 
T7287 715; 151) 
GO TO 30 
32 CALL DRAW (20,X0,CO,3,3,LABEL3,ITITLE,.3,.2E-10,0, 
Te Jo 2.2; 75455 Ue) 
30 CONTINUE 
DO 50 J=2,4 - 
DO 60 N=1,20 
XO(N) = X(J,N) 
QO (N) Q(J,N) 
60 CONTINUE 
IF (J .EQ. 2) GO TO 51 
IF (J .EQ. 4) GO TO 52 
CALL DRAW (20,X0,00,2,2,LABEL5, JTITLE,.3,1.,0,7,2, 
1. 3,75410,1 53) 
GO TO 50 
51 CALL DRAW (20,X0,00,1,1,LABEI4, JTITLE, .3,1.,0,7,2, 
i 2.7,1071.0) 
GO TO 50 
52 CALL DRAW (20,X0,Q0,3,3,LABEL6,JTITLE,.3,1.,0,7,2, 
se Pg reo ls | 
50 CONTINUE 
IF (K .EQ. 0) GO TO 1 
100 FORMAT (4E10.3, 15) 
101 FORMAT (1F10.1, 2E10.3) g 
200 FORMAT (1H1,T10,'R',T25,'CSG',T40,'L',1T55,'F',/) 
201 FORMAT (4E15.5) 
202 FORMAT (/,T9,'CDG =',1E10.3,//,T10,'GM',1T25,'GDS', 
1T40, 'VGS',T55,'GO',T70, 'BO',T85, 'CEFF',T100, 'QEFF',/) 
203 FORMAT (7E15.5) 
STOP 


END 
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